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Symbols and Abbreviations

A referance area

CD drag coelficient
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S L signal loss
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a half length: small aperture dimension
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Symbols

o polar angle

kp signal wavelength in plasma

V collision frequency
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vf look angle
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alternate coordinate system
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E initial reentry conditions

g received at ground

Inc incident

MAX maximum
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R reflection
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ref reflected

0 free space conditions
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Interpretation of Microwave Antenna
Results from a Reentry Flight Test:

A Comparson of Methods

1. INI'-ODCtlION AND BACKGROUND

The research ihI reentry physics at the Air Force Cambridge Research

Laboratories includes a flight test program involving the use of Tnlblazer II
rockets for the study or the properties of the reentry plasma sheath. Particular

emphasis IAs been given to the interaction or the ionized medium with microwave

anternas mounted on the vehicle. Details of the various flights hav2 been

preaented in a number of reports. 1-4

Antennas were located in the stagnation region at the !7se of the vehicle on the

first two launchrs and In the expansion region at the vehicle shoulder on the

remaining flichts. The variation in reentry environment over the altitude range

(Received for 3ublication 19 Augt-- 1974)

1. Poirier. J. L., Rotman, W.. Hayes, D.T., and Lennon, J.F. (1969) Effcs
of the Reentry Plasma Sheath on Microwave Antenna Performance:
Trailblazer 1! Rccket Results of 18 Tune 197 AFCRL-69-0354.

2. Hayes, D.T. (1972) Electrostatic probe measurements of flow field
characteristics of a blunt body reentry vehicle, AIAA Paper 72-694, 5th
Fluid and Plasma Dynamics Conference, Boston, Mass.

3. Hayes. D. T., Herskovitz, S.B., Len,-n, J.F., and Poirier, J. L. (1972)
Preliminary Report on the Trailblazer U1 Chemical Alleviation Flight of
28 July 1972, AFCRL-72-0640.

4. Rotman, W., Maloney, L.R. (1973) High Power Microwave Antenna Per-
forr ance in the Stagr.ation Region of a Blunt Reentry Nose Cone,
A FCRL-TR-73-3072.
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of the tests, togethe with differences in flow propertivs at the -a-io' antenna

positions on the vehicles, has resulted in ar extensive body of data on microwave

signal performarnce in a nonuniform ionized medium. Subsidi&Dr-y ocali--e

measurements of the ionization tvels at variou3 Locations were obtained mainly

by flush-mounted electrostatic probes, 5 although some additio.al diarrtlic

devices 6 - 8 were also included a 'no vehicles.

The flight tests have er.tered a second phase during which the )rir.-:-

objective is to modify the properties of th" ionired shn-ck layer around the vehicle

1w addition of chemicals to the flc.. The purm-se is to reduee the nmlner of ,-t-

elect.ors over th- s :tAnn system and hence eliminate the performance limitation

imposed by the shock irnniz:d air. Prelnin sr t no.'iation on one of thesc itne

f.r-t.h L-i the ceri-!a) m. been r(norted. 31 'his additAve excrirment invrlved a

s.ai=lker ante.mn : the daza from the third flight served to identify 1he p %-sma

ccndltin a: thati tocct.4on for an antenna ir, the absence of an,: alleviarn.

this -. port is concerned primarily with the performance Mf microwave

antennarz i:% an utm-nmodified plasra. The purpose is to describe s ne of the

nnerous theorettLai tc-t1hni-jues exmployed i.' h analysis of the. antenna data.

Tr- use or ;-afloU-t nju-z-Xirr-ations w"I be discussed, the degree of areemen'

-etween dffer-nt miehods and i;--it data will be s.hNwn, and the nature of some

areas of disagrceme. -Ill be cons-idere'i

The data which f-rmed t4- basis; -f this analysis were obtabined Cuing the

.-eenttry portion of the Trailblazer H trajectory. A brief description of the vehicle,

the experimental navload. and the flight performance will place the antenna-

piam.-na interaction in perspective.

The reentry nose cone was laun,:hed on a Trailblazer 11 vehicle, a four-stage

solid-propellant rocket. After the first two stages drive the vehicle to an

:ltitude of about 200 miles, the last two stages propel the reentry nose cne back

towari the atmosphere in an almost vertiLal trajcctory.

During the ascending part of the flight, the vehicle is fin-stabilired. Shortly

after launch, the canted second-stage fins induce spining. As the vehicle

leaves the atmosphere, its spin rate is high enough to ensure that it will be spin-

stabilized throughout the remainder of the fli t.

5. Haves, D.T. and' Rotman, W. (197.) Microwave and electrostatic probe
measurements on a Ilurt reentry :chicle, ALAA Journal i1:0o. 5)675-682.

6. Lustig, C. D. and Hayes. u. T. (1969) Cservation of rlectroacoustie
resonance in a reentry sheath. Proc. -ErE 57(5):800-802.

7. Karas, N.V. (1972) Microstrip Plasma Probe, AFCRL-TR-72-0417.

8. Aisenberg, S. and Chang, K.W. (1971) Chemical Additives and Diagnostics
for High Temnperature Air Plasmas, AFCRL-TR-72-0354, Final Rpt,

ontret No. AFI9ISZS)-7l-C-077.
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Figure I. Genera! Features of a Typical Trailblazer ii Trajectory

The last two stages are enclosed in a structural shell (velocity package) as

shown in Figure 1 and face rearw ard during launch. At about 250 kft, the veiocity

package separates from the spent sceond-stage motor and coasts to aojee.As

the velocity package begins its descent, the X-248 third-stage ns-or flres,

propellin- the reentry nose cone out of the open end of the velocity pack.-e. The

fourth-stage, ! 5-inch spherical motor provides the final thrust necessar Ito

boost tle nose velocity t.o about 17,000 fps by the time the nose cone begins . e-

entry.

The reentry nose cone shown in Figure 2 is a 9o hemisphere-cone fabtic ted

entire y of aluminum. Its dimensions are: nose cap radius, 6.333 un.; bl

- length. 2F.47 in.; and base diameter, 19.17 in. The instrumented nose

v-eig -s about 72 lb. including the spent fourth-stage motor which rera"- wtthin

the reentry body. The third flight was designed to obtain data in the preserce of

a pure-air plas-ma. Thus a heat-sink method of ther-.al protection waa used In

ensure that Lhe flow around the vehicle should remain uncontainated by sbia-tio

products.

The payload of the third fligha as shown in Figure 3 is typical of the fi-t

phase flights. I .contairs a telemetry system, a number of probe devices. and

9. Lennon, J. F. (1973) Trailblazer It Rocket Tests on the ReentE r.asr=n
Sheath: Vehicle Performance an Plasn Predictzions (Flighs No. 1-3).
AFCR ILTR-7-3-03 1-.
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Figure 2. Reentry Stage of
the Trailblazer Il

VCOS AND TELEMETRY FOUR -WAY REFLECTOMETER TX/TM

TM-I

TM -3

ACEEOEE10 oDETECTOR RX

ES-3

a ES43

CALIBRATION CNUTVT

Figure 3. Block Diagram of Payload

14



S-band test transmitting and receiving systems. The S-band (2220. 5 MHz)

telemetry system antennas were mounted at the base of the cone, transmitting the

night measurements to receiving stations on the ground. The various probes

were distributed along the vehicle surface, in order to obtain results under dif-

ferent conditions. All probes were flush-mounted instruments which measured

local prdperties near the wail; for example, the electrostatic probes determined

electron and ion densities in a sheath region adjacent to the surface, whose thick-

ness depended on the probe bias potential. For some probes the bias level was

periodically varied during the flight in order to obtain results at several distances

from the surface. The electrostatic probe data have been analyzed by Hayes. 2

Good agreement between theory and observed values was obtained only near the

nose region. On the side of the vehicle, there were differences both in the mag-

nitude of the electron density and in the profile slope normal to the wall. There

was some degree of consistency, however, between the probe results and the

microwave data for that region. The relative positions of the probes and antennas

on the third flight are shown in Figure 4 and listed in Table 1. As can be seen,

electrostatic probes were placed immediately behind the test antennas so that a

direct comparison could be made between microwave measurements and the local

charged particle densities indicated by the probes.

S/RN

S CGTELEMETRY ANTENNASm

TEST ANTEP 4*S: TRANSMIT CO. RECEIVE

ELECTROSTATIC PROBES: *BIAS 0 *-BIAS 0
- CONDUCTIVITY GAUGE CS

STRIP LINE SL

Figure 4. Relative Locations of the Antennas and Probes
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Table 1. Antenna and Probe Locations and Identifications

Bias Station 00
Device Symbol Voltage in.) S/RN Clockwise

ES-I Negative 0 0 -
15 '

Electrostatic ES-2 Negative 070 0.47 00

Probes 5,15,30

ES-3 Negative 12.62 2.58 4.50
5, 15, 30

ES-4 Positive 12.62 2.58 355.00
15

Test Antenna TX 8.03 1.84 0
Transmit

Test Antenna RX - 10.91 2.30 00
Receive 1

TM-I - 105. 5'

Telemetry TM-2 195. 50
Antennas 24.27 4.44

TM- 2.7285.50

Secondary Test/ TX/TM 15.5 0
Telemetry Antenna

Strip Line SL - 10.91 1.84 186.00

Conductivity Gauge CG - 90.00

The test antennas were located in a region where the plasma would have a

significant effect on their performance, whereas the telemetry antenna location

was chosen to minimize plasma interference. This is reflected in the different

range of altitudes for which particular types of data are available.

Information on attenuation, for instance, which requires that the test antenna

signal be received at a ground site was obtainable only until signal blackout

occurred ir the shoulder region. On the other hand, rsults for interantenna

coupling and signal reflection, which are vehicle oriented measurements, con-

tinued as long as the processed data could be received from the telemetry

antennas at the rear of the vehicle.

The particular plasma conditions for the experiments were determined by the

flight performance of the reentry vehicle. Most of the data of interest here came

from the third flight. For this reason, its flight dynamics will be cited as back-

ground for the experiment, although all flights have shown similar performance

16
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Table 2. Comparison of Flight Parameters for the First Three Flights

Property Flight I Flight I. Flight III
Launch 1532 hours (EDT) 2156 hours (EDT) 1856 hours (EST)

!8 Jun 1967 17 Jun 1969 24 Nov 1970

Payload weight 64. 65 lb 74 lb 70.65 lb

W/CDA 79 lb/ft2  90.4 lb/ft 2  86. 3 lb/ft 2

Spin rate 8 rps 12 rps 11 rps

IT  1.094 slug ft2  1. 049 slug ft2  -. 924 slug ft2

'A 0.471 slug ft2  0.470 slug ft 2  0. 510 slug ft 2

Center of gravity 10.0 in. 9.17 in. 9.76 in.
(Distance from nose)

Apogee 902, 183 ft 964,395 ft 990, 548 ft

Peak velocity 16, 593 fps 17, 287 fps 17, 972 fps
(at 220 kft) (at 220 kft) at 216. 5 kft)

Initial angle of 120481 150281 1006
attack

Reentry night 357.5°(estimate) 2860 31 0
Azimuth

Time from launch 392.7 sec 404 sec 405.4 sec
to reentry (300 kft)

Third-stage burn 29 sec 38. 5 sec 40.8 sec
time

Fourth-stage burn 5 sec 6 sec 9.4 sec
time

Initial coning: 3.45 rps 5.37 rps 5. 73 rps
allowed value

characteristics. This can be seen in Table 2, a comparison oF varicus parameters

for the three cases. Lennon 9 gives further details on the over-all performance

of these flights.
Significait flight events are indicated on the vehicle trajectory as shown in

Figure 5. The velocity and altitude histories based on time from launch can be

seen in Figure S. A peak velocity of about 18, 000 fps was attained. This was the

highest value recorded for any of the flights. The shock strength which depends

on the velocity also would have been slightly greater for this case, res...tirig in

somewhat higher heating and ionization levels. The trajectory data are based on

radar tracking. By the time the vehicle has reached 120 kft, the air density has

caused significant deceleration. The radar data on these flights become unreliable

below 90 kft. Whether this can be attributed to effects relating to some surface

melting of the aluminum from the aerodynamic heating, or to a break in radar

tracking lock owing to the onset of high deceleration levels at these altitudes has

not been resolved.

17
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A zxunber of irterrelated factors alfected the motion of the payload. Below

500 kft, its thrust ceased and freefall began; above 200 kft, there was no significant

drag ac4ing in the vehicle. In addiion, stabilization required that the vehicle be

spinning. When this feature is combined with the fact that the nose cone was at an

initial 100 angle of attack (as indicated by the radar data), a further complicaton

was introduced: the ionized airflow was no longer symmetrical. The nonunUorm

plasma conditions were seen cyclically by the sensors &s their position rotated,

a fact that mutst be accounted for in the data analysis. Further, any changes in

the original spin or vehicle orientation would be reflected in the electrostitic probe

response and the microwave transmission data, that is, the effective rate of

change of the local plasma conditions would assume a new value. Figure 7 shows

that the frequency of cyclic variations in the data was constant ;or the higher

altitudes. Precession does not appear until around 200 kft, where the air density

has begun to be significant. The initial modul..ion was at a constant 10. 8 Hz,

and due solely to ichicle spin. The onset of atmospheric forces introduced an

additional precession cr mponent. Figure 7 shows this as an increasing frequency

for the cyclic response. These forces also acted to suppress the nose cone angle

of attack, but this was somewhat counterbalanced by the high spin rate. A

theoretical history of the vehicle'orientation was calculated for the parameters

ZW
~I[

a[
s0

VEHICLE SPIN RATE

270 230 190 150 110
ALTITUDE (kft

Figure 7. Frequency of ryclic Variations in the Test Data
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of the third flight. The decrease in magnitude of the argle of attack envelope is

shown in Figure 8 for both spin and nonspin conditions. For practical purt, -s,

the envelope is unchanged for the spin case, except for the final seconds.

The relative location of the reentry nose cone w!th ref pect to the grour

receiving sites is shown in Figure 9 for three altitudes. The slant range betw en

the main base and the vehicle was effectively a constant. The almos. vertiral

reentry (80 from normal) as shown by the surface projection of each (J the three

vehicle positions confirms that assumption. Thus, changes in received sigr-d

intensity were related only to p'asma effects.

\

O0

NO SPIN SPIN

06[

04-

02

250 200 150 to 50

ALTITUDE (kft)

Figure 8. Computed Angle of Attack Envelope
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ILAUNCH PO!NT
A20 S"zo4o oo

I OISTANCE SOUTH Ckft) COOUINA[ BEACH

Figure 9. Geographical Orientation of Vehicle to Ground Stations During
Descent: A 100 kft. I- tS kit, + 500 kit

2. -B-ND TEST SY-TE 4

2.1 Decrptio. or Expeiwt

In this section, a brief description of the S-baA.- test system is given.

together with the manner in which the various microwave system performance

parameters are determined. The specific -uantities measured during reentry are

antenna impedance mismatch, interantenn:L coupling, antenna pattern distortion,

end signal attenuation.

A block diagram of the S-band experiment is shown in Figure 10. The rocket-

borne per of the system consists of az solid-state 2. 5 W transmitter connected

to its ant- through a reflectometer for monitoring the power reflection

coefficient o. the antenna. The directional coupler samples the incident power

Pinc and the circulator measures the reflected power Prer The transmitting

antenna, as shown in Figure 11. was located a little behind the hemisphere-cone

junction. Another antenna, electricAlly identical to the first, served as a receiving

antenna; it was located further back on the vehicle and in line with the transmitting

antenna. The signal power Prec at this antenna is a measure of the coupling

between the receiving and transmitting antennas. The transmitting antenna

reflect,%,meter output signals and the receiving antenna detector output signal are

21



Pg4..REVE RECIVING
pq ANTEN.NA

TEST
TETDIRECTIONAL CIRCULATOR TRANSWITTNG,

DETECTORk

Pfm'

~-ZIJ--<TEST

* Figure 10. Block Diagram or the S-Band Test System

TRANSMITTING .8

ANTENNA T

I77

ES -3

Figure 11. Cutaway View of Vehicle Surface Showing S-Band Test System
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amplified to a suitable level (O-5V) and transmitted to the ground by the telemetry

system.

The signal power P which is received at a ground station is used in con-

junction with the telemetered rocket-borne mneasurements to determine antenna

pattern distortion of the transmitting antenna and the attenuation suffered by the

transmitted signal as it propagates through the shock-ionized air surrounding

the nose cone.

The vehicle antennas were flush-mounted cavity-backed slots with aperture

dimensions of 2.362 x 1. 128 in. The cavities were filled with hot-pressed boron

nitride, which has a relative dielectric constant of 4. The operating character-

istics of this type of antenna are well known and relatively easy to calculate.

A sketch of the antenna is shown in Figure 12.

In addition to the microwave system just described, two electrostatic probes

were also included as part of the enperiment shown in Figure 11. One of these

was bias d positi-e, and the other biased negative. The bias potential of both

probes was periodically varied throughout the flight. The data collected there-
fromu (inclusive c' others, not part of the experiment in the shoulder region) were

also transmitted to the ground via telemetry.

, CASE -A LUMIIIUW

Ix

B0OO MITROC BLOCK

//

L-CROSS CENERPI

OSM - 2,9 CONNECTOR

Figure 12. Sketch of S-Band Test Antenna
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2.2 Antenna Sy-4c-u Petformauce in d Plasma

The operating characteristics of an antenna can be greatly affected by tMe

presen-e of a plasma. And almost always, the antenna system-plasma irer-

action manifests itself as a very significant or catastroh.i.. re%:ction in the level

of the microwave signal received from a reetitry vehicle. SignaLs from ,external

3ources are similarly affected before they are receiver: by antennas mounted an

reentry vehicles. In addition, there are other effects which though more:

subatle, nevertheless, lead to equally severe de; -adations in system performance.

Chief among these is t..e modification of the radiation pattern whir:. i often

narrowed when an antenna is cov-ered by a moderately thick plasma slab. Also,

the coupling between adjacent antennas i6 grz*Iy changed. Th6 is of importance

in microwave systems employing separate transmitting and -e.-eirfng antennas,

or in multiple aperture antenna systems, where a change in the mutual coupling

of array ele-ments can change the over-il! radiation pattern. Usually. several of

these -effects are present simultaneouzv.

The most direct inflight measurement is that of the power reflection

coefficient R, which is related to the magnitude of the antenna impedance mis-

match. The reflection coefficient is defined as the ratio of the reflected power

Pref to the incident power Pinc:

R- Pr__= (I)
Pinc

The phase of the antenna impedance can also be determined, but some additional

measurements are required. As the plasma density inz:reases, the power reflected

from an initially matched antenna also increases. When plasma frequency nears

operating frequency, there is a sharp increase in Ihe ipower reflection coefficient

with reflection of most or the incident power. Typic., .values of R fo" an over-

den-se plasma are 0.8 to 0.9. The increase in pewer reflection coefficient is not

mo zotonic, but exhibits small local minima as 4t nears unitY.

Another phenomenon of interest during reentry is the couplIng between two

adjacent antennas on tL vehicle. When the antennas arr covered .'y he plasma,

there is a substantial reduction in the power couplea into the receiving antenna

P rec from the nearby transmitting antenna, as compared to the free sp-ce case.

This is due to two causes: The first is the rise in the reflection coefficient of

the transmitting antena, accounting for radiation of only part of the incident

power Pinc; the second is an increase in the attenuation of the transmitted signal

as it propagates to the receiving antenna. Therefore, the interantenna coupling

loss (in dB) is defined as
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Interantenna coupling loss 10 log (P inc/P re) (2)

and includes both intcrnal reflection losses and external attenuation losses. The

external coupling loss (in 0.3) is obtained by subtracting the reflection loss accord-

ing to the rule:

External coupling loss = 10 log Pref (3
L. P rec J

where Pref is the power reflected from the transmitting antenna. The external

coupling loss between two S-band slot antennas can be expected to change by

15 or 20 dB.

The increase in attenuation over the free-space value that occurs for a signal

propagated from 2 reentry vehicle to a ground receiving site is important in

describing t1-, operation of a microwave radiating system. The signal strength at

a point in space depends on the reflection loss due to antenna mismatch, the

spatial distribution of the radiated power (antenna radiation pattern), and the

attemution of the signal as it propagates through the plasma. The first of "hese

effects has already been discussed in connection with Eq. (1). It is often difficult

to separate the effects of the remaining two properties despite their distinct

origins. The signal attenuaticn is of special concern, if the signA must make a

round trip traversal of the plasma as in cectain radar applications. But

simultaneously, there can be a reduction (or increase) ;n signal strength because

of a plasma-induced medification to the antennu radiation pattern. From a

measurement of the power received on the ground P and a knowledge of the

incident power Pinco the signal attenuation can be found. This quantity relative

to its free space value is called the total signal attenuztion:

Total signal attenuation = 10 ;og F-(r

The term 10 log Pis the ainimu free-space value of the signal

attenuation during a complete spin cycle. It is sometimes convenient :o define a

variant of the total relative atte-uation. "'rds alternate form excludes tho portion

of tb'_ signal attenuation that can be attributed to the antenna mismatch loss.

Since the antenna is matched to free space, the composite signal attenuation is

defined as
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I Pinc - ref Il RL" g - c/oComposite aignial attenuaklon =10 log --- 7----jV7' (5)

Clearly, these two attenuations depend on the polarization of the signal relative to

the receiving antenna, because the actual received power P is used in theg
definitions.

10.
In the case of thin plasmas, there is little change in the radiation pattern

and Eq. (4) represents only that attenualion due to the plasma sheath. Otherwise,

as for the S-band system of this flight, Eq. (4) represents the .-)tal attenuation

caused by pattern modification an signal attenuation.

It sho-ld be emphasized here that the quantities defined in Eqs. (1) through

(5) all depend on the instantaneous p,.sition and orientation of the vehicle. The

altitude c-tabishes the over-all plasma conditions and the orientation of the nose

cone relative to the windward position accounts for angle or attack effects.
determining the exact local plasma density. Variations in the antenna radiation

pattern of the transmitting antenna and polarization loss depend on the orientation

of the nose cone relative to the ground receiving antenna. Therefore, any dis-

cussion of particular values of these quantities must include the position and

orien:-ti .i of the vehicle. In the present case, the data are given in termns of a

body po;:.in (wnd-ard or leeward) or the vehicle spin angle 0. for a given altitude.

3. THEORETICAL COMdP'ITA1ONS

3.1 The lonized Flo% Field

The complexity of the interaction between the external plasma flowing around

the vehicle and the microwave antennas has been discussed. Several theoretical

appreaches have been used to describe the electromagnetic phenomena that occur
in the presence of an ionized medium. These models require that the electrical

propertics of the plasma be defined. However, the nature of the experimental

conditions makes this a formidable process. In the analysis of a particu.lar

antenna result, the ordinary assumption of this report is that the olasma is one-

dimensional. This means that the plasma layer over the antenna system varies

only in the direction normal to the vehicle surface. In that direction, the models
assume that the plasma can be considered as a series of slabs of arbitrary, thick-

ness, each char-cterized by a value of electron density and collision frequency.

Thus, for elect-,omagnetic calculations, the required description of the flow field

10. Fante, R. L. (1967) Effect of thin plasmas on an aperture antenna in an L-nfnite
fround plane, Radio Science 2(NS)No. 1:87-100.

26



at a location on the vehicle comprises profiles of electron density and collision fre-

quency normal to the antenna surface.

The process of obtaining suitable theoretical profiles during the course of

reentry involved numerous calculations, The reentry regime of interest for the

Trailblazer H flights extended from around 300 kIt down to about 100 kit. Over

this range, the atmosphere is quite variable, changing from near free molecular

conditions to a well-established continuum regime. Twa general altitude divisions

were employed for calculations in this repot. Below 200 k.t, the flow around the

vehicle is considered as a two-layer system. Close to the surface is a well-defined

thin boundary layer wherein diffusion and viscous effects are impo nt,

whereas in the main outer layer, the flow is inAiscid. At these altitudes, the

chemistry of the flow varies from nonequilibrium to equilibrium as density in-

creases. For the higher altitude regime though, the distinction between the

boundary and shock layers ii not as precise. Viscous effects are not constrained

to occur only at the surface, and the flow becom, s higly complex. The gas is in

chemical nonequiuibrium, and for some conditicls even the vibrationl mode may

not be completely equilibrated. In addition to Liese general features, r.ae

bluntness effects czuse the flow at different vehicle positions to exhibit coisiderable

variability. The nose reion is a high temperature ionization zone. Then as the

air leaves this area, it expands and cools down so that recombination becomes a

dominant chemical process along the afterody. Vehicle spin and "'igle of --ttack

effects inioduce still further complications. The specific details of the flow
9

calculations for the Trailblazer flights are described by Lennon. in that report,

the justifications for extending results from one set of calcalations to apply at

other conditions are looked into and variocs limitations described. The em.'asis

in this report is somewht different.

The observed plasma effects on the shoulder antennas occurred in a rather

narrov- altitude range; a number of interesting features were apparent. Analy.L'.

however, required conditions at smaller irervals than the original 20 kt. There-

fore, the basic results were manipulated, so that -the values for iterm-ediate

altitudes could be obtained. Two general sets of data were r--aside-ed, cor-

responding to the two reentry regimes of inte-esL For the cases above 22) kft,

the viscous solutions of Le-I: were selected, whereas while for the iower -":-ge,

dre resus of a!1 u-re employed. That the two types ±ol-ons -ae based

11. Lew. H. G. (1970) Shock Layer Ionization at Hir Altiudes, .AFCRL-70-0702,
Final Rpt on Contract F9962*-S9oC-0112, GE 70ODWS2, -The Gen-eral
Electric Co.. Valley Forge, Pensyl-vania.

12. Ball, W.H., Webb, H.C.. and Lron, FJ. (1955) Flow Field Pre-ictions
and Analysis. Study for Project RAM B3, Space anl Infonnath- Systems
Division Final Rpt No. SID-65-1113, Ru-t No. NASA-CR-66106 Contract
NAS 1-4743, North American Aviation Inc.
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on vastly different assumptions is em-
-,phasized by a consideration of their

respective profiles of electron density at
the transition altitudes. These are quite
dissimilar (see Figure 13).

- Both sets of alculations contained
lo!tc profiles of local flow properties and species

LEW concentrations. The pr,. edures for inter-
polation were similar, with ressIts shown

loit. in Figures 14 through 17. For each Iti-
tude, the electron density was plotted against
the normalized distance into the flow %.

:06 BALL Then for selected positions along the flow
normal, the electron density was replotted
as a function of altitude. The species

f0 2 4 6 concentrations, pressure, and temperature
z(ecm) were used to obtain profiles of the collision

Figure 13. Comparison of Ball and freq, ciic-. These were then plotted as aLew Electron Density Profiles at fuiction of OJtiude for selected positions in
215 kft

the flow.
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Figure 14. Electron Density Distri- Figure 15. Collision Frequency Distri-butions as a Function of Altitude butions and Profile Thickness as a
(Lew) Punction of Altitude (Lew)
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In the upper altitude regime, a further aspect was considered. In addition to
the chemical nonequilibrium, there is also a degree of vibrational nonequilibrium
in the molecular species. This alters the flow chemistry and results in changed
values for the electron density. The effect is altitude dependent and complex, but
it becomes relatively small near 200 kft for the given conditions. A more com-

9
plete discussion can be found elsewhere. In the stagnation region, a number of
these cases were obtained at imnortant altitudes. Peak ne values for both models
were plotted as a function of altitude. By shifting the original equilibrium profiles
at those altitudes by the ratio of the corresponding peak ne values, additional
vibrational nonequllbrium cases were then constructed. In the expansion region,

the effect of vibrational nonequilibrium was accounted for, by moduying the
vibrational equilibrium profiles by a factor corresponding to the ratio of these
results in the stagnation region. This represents an upper bound type of approach,
since the increased reaction time should result in an over-all decrease in the
degree of vibrational nonequilibrium in the flow of the expansion region.
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These variations in the models and their effect on the electromagnetic proper-

ties will be discussed further, upon comparison of the results.

3.2 Antenna Parameters

Once the flow fields have been specified, the effect of the covering plasma slab

on the performance of an antenna is calculated by three different procedures: The

first analysis includes the complete specification of all antenna parameters of

interest; the other two are plane-wave approximations of differing levels of

sophistication. These give reflection coefficient and signal attenuation only. A

brief description of these methods will be presented here. A comparison of the

results will be made in Section 4, including agreement with the flight data.

The first method of obtaining the theoretical antenna parameters involves the

use of a computer program developed by Fante. 1 3 This program considers a pair

of slot apertures, mounted in an infinite ground plane, radiating through an in-

homogeneous plasma. The quantities computed are the aperture admittance of

the slots, the inter-antenna coupling and the net signal attenuation including antenna

pattern modification. From this and the physical characteristics of the antenna,

the terminal impedance is obtained. Calculations 14 show that this flat plate model

closely approximates the radiation properties of the shoulder antennas on the

Trailblazer R1.

Because of the steepness of the Trailblazer it trajectury, the diameter of the
nose cone relative to the wavelength, and the broad beamwidth of the antennas,

certain simplifying assumptions can be made. Specifically, the nose cone can be

replaced by a cylinder descending in a vertical trajectory and the cylinder so far

as the calculation of the radiated fields is concerned can be replaced by an infinite
ground planc. With these assumptions, the Fante program describes the antenna

fields (relative to the antenna aperture) in terms of a spherical-polar coordinate

system indicated in Figure 18. Here, the aperture is in the x-y plane, the z axis

is normal to the antezzma, the polar angle is limited to ir/2 radians, and the origin

of this coordinate system is in the center of the aperture. Since only the fields far
from the antenna are of interest, it is possible to represent the origin as being on

the central axis of the nose cone. The y axis of the antenna coordinate system is

then coincident with the spin axis of the reentry vehicle. The motion of the vehicle

is introduced by allowing the antenna coordinate system to rotate about another

fixed system (X',y', z') which locates the nose cone. As shown in Figure 19, the

13. Fante, R. L. (1971) Reentry Antenna Test Program, Vol. 2, AVCO System
Division Rpt AVSD-0374-69-CR.

14. Poirier, J. L., Antonucci, J. D., and Tropea, D. H. (1973) Perfermance of
a Microwave Antenna System in the Shoulder Region of a Blunt Reentry Nose
Cone, AFCRL-TR-73-0656.
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y and y' axes are coincident, r is the distance from the antenna (nose cone) to the

ground receiving site in the primed system, the spin angle 0o measures the

rotation between the two coordinate systems, and 0 is the local look angle. Because
the reentry is vertical, is fixed for many rotations of the nose cone and varies

so slowly with altitude that it can be considered constant and equal to 59 degrees

for all altitudes between 250 and 200 kt.

In this program the plasma is modeled in terms of a series of uniform

dielectric slabs covering the two antennas. The particular thickness chosen for

these slabs depends on the electron density distribution normal to the vehicle

surface. Each slab is characterized by a representative electron density and

collision frequency which establish the effective dielectric constant for use in the

program. Typical input values of electron density, collision frequency, and slab

thickness are shown in Table 3. These. cases represent the basic vibrational

equilibrium calculations for the expansion region.

From these plasma properties and the physical cIbaracterlstlcs of the trans-

mitting antenna, the signal attenuation was computed as a function of o for each
altitude of interest. The results for rp = 590 are shown In Figure 20. These

two sequences of curves require some explanation before discussion of the various

models is continued. The attenuation which is shown refers to the reduction in the

power (relative to the maximum free space value) observed by a completely

polarized receiving antenna on the ground. The variation in the free space value
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Table 3. Plasma Layers Derived from Electro- 2sity and Collision
Frequency Profiles at Four Altitudes

Slab Electron Collision
Altitude Thic~aess Density Frequency

(kft) (cm) ne XI0 1 0  X ,10 8

(el/cm3) (Hz)

240 0.10 0.41 3.37
0.19 0.76 2.49
0.29 0.96 2.15
0.37 1.08 1.90
0.42 1.12 1.77
0.46 1.07 1.74
0.49 0.84 1.71
1.35 0.59 1.67
0.78 0. 19 1.58
0.72 0.03 1.56

235 0.29 1.00 3.01
0.84 2.10 2.00
1.12 2.25 1.83
1.12 1.40 1.68
0. 56 0.38 1.60

230 0.32 1.90 3.44
0.88 3.90 2.35
1.22 3.90 2.10
1.22 2.20 1.93
0.61 0.45 1.83

225 0.37 3.40 3.91
1.03 6.80 2.75
1.42 6.60 2.44
1.42 3.10 2.22
0.71 0.48 2.08

220 0.55 9.00 3.50
0.75 11.00 3.25
1.00 11.00 2.95
1.00 9.60 2.80
1.00 6.30 2.60
1.00 2.75 2.50
1.00 0.84 2.40
1.00 0.15 2.30
1.00 0.01 2.30

215 0.48 9.00 5.00
1.32 16.00 3.85
1.82 14.50 3.30
1.82 4.60 2.96
0.91 0.48 2.65
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i6 also plotted for comparison. The results in part (a) are based on vibrational

equilibrium plasma properties while in part (b) similar curves are shown for the

theoretical profiles modified to show the effect of vibrational nonequilibrium. The

general effect of increasing ionization is to narrow the patterns while simultaneously

increasing the over-all level of attenuation. Bo:h sets indicate a resonance

phenomenon. This condition is critically dependent on the local plasma properties

and the signal path length appearing at 225 kft for the vibrational equilibrium input

but at 230 kft for the vibrational nonequilibrium set. Allowing for this mechanism

in the flow model tends to increase the electron concentration levels at a given

altitude. This effect is carried over into increased attenuation; for instance, at

220 kft the vibrational nonequilibrium curve shows 5 dB more attenuation. These

results will be examined in more detail in the next section.

The plane wave models do nct allow for a power pattern in their calculations,

and so their single-valued results will be deferred until the section on comparisons.

For the simpler of the two alane wave approximations, attenuation and reflection

estimates were made ,,ong the -Znes Sndicated by Russo. 15 The variation of the

attenuation constant along the normal to the antenna is first determined. An

integration is then carried out over ibis distribntion to obtain the signal loss in

the plasma medium (in dB) due to attenuation,

z IX
(SL)A = 8. 6 8 6 J MAX odz , (6)

0

where o ;s the local attenuation constant, which is related to the values of the

dielectric constant for thr plasma slabs.

For the reflection, an equiv-alent slab thickne-s associated with the peak o

value is then determined:

Q a d o (7)

The peak attenuation constant a, its corresponding phase constant 1. and ,he effect-

ive thickness dE then serve to specify the reflection coefficient:

R 1 2 [(l-e -2dE)2 + 4e- 2 - n si2 '. (8)R2dE) - - (8)

(l-R 1 2 e 2odE2 + 4R e2dEsn2 (6 1, +$dE )

15. Russo, A.J. (1963) Estimates of Attenuation and Reflection of Telemetering
Signals by Ionized low Fields Surrounding Typical Reentry Bodies, NASA
Technical Note TN D-1778.
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where R 12 is the power reflection coefficient for a uniform semi-infinite plasma

and 612 is the relative phase difference. This can be converted from a coefficient

to a reflection loss (in dB) term as was done for the attenuation:

(SL)R = 10 logl 0  (9)

The degree of approximation is severe, and many factors such as internal

reflections are not included in these relations. The results are, nevertheless,

quite good. except that resonance effects for both attenuation and reflection do

not occur.

The second of these models came from a formulation origiualy developed for

a different situation. Papa 16 has studied the interaction of electromagnetic

waves and ionized reentry flows for high power signal strength. His calculations

were based on a number of high altitude reentry conditions for the Trailblazer II

-ehicle. Since his theory could be applied to the case of low po-er transmission

as well, sorr- typical cases were computed for comparison with the other cal-

culations. Papa's approach involves numerical solution of the elec-tron continuity

equation to determine the field distribution and power transmitted through a one-

dimensional plasma slab with specified profiles of fluid and electrical properties.

Since the electric field is determined on a point by point basis, internal absorp-

tion and reflection are included, and the result should be quite exact. The

numerical procedures rely on a fourth-order Runge-Kutta technique for integrating

the equations acr-ss the slab, and the small step size restricts the error to no

greater than 0. 006 percent. This solution then represents an extremely reliable

check of other plane wave results. in addition, the Fante result for a case where

the antenna aperture dimensions are changed so that they are several wavelengths

in extent (producing what is effectively a plane wave condition) also should be in

close agreement.

t. FLIGII TFZT DATA AND COdPARI-MV

In this section, the measured fight test data will be presented and compared

with computed results from various models for the flow field ionization. The

antenna properties to be considered are: signal attenuation pattern modification.

impedance mismatch as characterized by the power reflection coefficient, and

interantenna coupling.

16. Papa, R.J. and Taylor, R. L. (1974) High-Power electromagnetic trans-
mission characteristics of a diffusing reentry plasma, J. Appl. Phys. 45
(No. 2):684-696.
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Measurement of the signal attenuation pattern requires that the signal strength

received on the ground be determined as a function of vehicle spin angle throughout

the reentry trajectory. This is accomplished by recording tne receiver age

voltages which sho.ced one main lobe. The back lobe, however, was not evident

even at altitudes sufficiently high to ensure that no ionization effects yet existed.

This distortion was introduced by the ground station receivers, because the fre-

quency response of the age loop was too low to follow antenna pattern variations

of the spinning vehicle. This loss of data in the back lobe region is not significant

in so far as the present study is concerned, since the theoretical models either

employ a plane wave, or else consider the ilot aperture to be motnted on an infinitp

ground plane. Neither approach considers radiation in the backward direction, so

comparisons could not be made there in any case.

There is yet another consequence resulting from the use of a flat-ground

plane mmael in which the antenna is covered by a plasma slab of infinite lateral

extent. Reference to Figures 18 and 10 will help to visualize the geometry -f the

model for 60 = 0 ." In this case, the plasma slab extends all the way to the

ground-receiving site and the propagation path i3 wholly within the plasma.

As 0 increases sufficiently, the propagation path extends across and beyond the

slabs, and flight conditions are rore accurately simulated. Because the model

predicts ftr too much attenuation at grazing angles, the comparison of results

should be limited to spin angles 100 < 0 < 1700.

The observed data at an altitude of 230 kft were used in Eq. (4) to compute

thc total signal attenuati.,n. with results plotted in Figure 21. The received power

w- obtained as a function of spin angle from the agc records, and the factor

(Pg!Pinc) evaluated by noting the peak value of the received signal just before re-

entry. Inspection of this figure shows that there is reasonab!y good agreement

between the computed value (vibrational equilibrium) and the measured curve.

In contrast, there is a marked discrepancy between the measured data and the

vibraticnal nonequilibrium values which, in fact, show a resonance at this altitude.

The same quantities are plotted in Figure 22 for an altitude of 225 kit. At

this altitude, the naximum value of attenuation predicted by the two models is

about the same and the maximum variation at 40 9 60 is only about 10 dB as

compared to 25 dB! he previous case (230 kft). The vibrational equilibrium

pattern now shows a resonance. as does the curve of neasured values.

At both altitudes, the two calculated attenuaticm values for 6 = 900 are the

result of the resonance phenomena. As discussed in Section 3. 1, the vibrational

nonequilibriumn results represent an upper bound on the expansion region electron

dcaity, which should be less applicable as the altitude decreases. Thus It is not

surprising that the nonequiibrumn calculation shows the resonance at a higher

altitude than both the equilibrium calculation aad the measured values.
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The resonance occurs over a very narrow altitude range (about 3000 ft). The

theoretical calculations assume constant properties during a spin cycle. whereas

in light a change of about 1. 5 kft altitude occurs during one revolution, altering

the local plasma seen by the antenna. Thus the important fact here is not the dif-

ferences betweer the two models, or the altitude where the resonance occurs, but

rather the fact that the predicted resonance was indeed observed despite the

variation in conditions experienced hy the antenna.

At altitudes below 220 kot, the Ball description of the ionization becomes more

appropriate. The computed attenuation pattern for this model is compared to the

measured pattern for an altitude of 210 kft in Figure 23. The over-all narrowing

of the patterns is evident bit there is a 10-dB difference between the peaks of

the two curves.

The transition between the two sets of calculations 1 2 however, is not com-

pletely straightforward. Figure 24 shows the attenuation from both models and

the observed pattern at 215 kft. The curve for the Ball model is clearly in better

agreement with measured results than the Lew profile, which represents a down-

ward extrapolation of the results at higher altitudes. Note though that the Ball

results at 210 kft are in poorer agreement with the corresponding observed values

than for the 215 kft case. Thus the pattern is not completely consistent, and some

care must be taken.

The observed attenuation patterns involve the orientation of the vehicle-ground

receiver system. This introduces a further degree of uncertainty: The vehicle

enters at an angle of attack, and although its location with respect to the ground
statios is known as a function of time. the orientation of body axis to flight path

is continuously charging. Thus its position at a given moment is unknown and

cannot be specified precisely. This nonalignment results in the flow being three-

dimensional, introducing an additional plasma profile variation in the spin plane.

A second aspect involves the alionment of the vehicle axis with the ground

receiver. The power distribution obtained daring a sin cvy le will not be sym-

metrical unless this additional alignment corresponds to a -xindward or leeward

orientation of the vehicle. For a windward condition. tw peak signal strength

would be less than for the leeward alignment, bit for both. the pattern would be

symmetrical about the peak. Any other orientation results in an asymmetric

pattern, that is, if the alignment represents a condition midway between windward

and leeward, the measured attenuation for some 6 such that 0 0 < 900 would. u;0 0

be greater or less than for its corresponding mgle in the range 90 < 6 < 1800.

This effect cannot be seen in the computed patterns, since they are based on the

assumption of a plasma that is uniform, except in the normal direction.

Since the flight data is to be compared with theoretical results, losses in

signal strengtn due to reflection are included in the over-all observed losses
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plotted in the figures. This was done since there is some difficulty in separating

that effect in the calculations. Since the flow ionization is not axisymmetric, the

antenna reflection losses and power pattern distributions in the course of a spin

cycle contain a degree of ambiguity. Some bounds can be placed on this for the

reflection case. The limit of the uncertainty is the difference in reflectio. losses

for windward and leeward ronditions. Its magnitude depends on the plasma

properties and hence varies as a function of altitude. This is shown in Figure 25.

The profile indicates the earlier increase in the plasma on the windward side, the

region where the entire flow is overdense, and some subsequent strytcture.

Several properties are independent of ground reception. An in.portant one is

the power reflection coefficient K. The measured values corresponding to the

leeward and windward body axis positions are plotted in Figure 26. Inspection of

these curves shows that during the plasma buildup R was always larger on the
windward side than on the leeward side. This variation gr-.dually diminished as

the electron density levels increased. Below 180 kft, the plasma was overdense

during the entire spin cycle, resulting in a uniform degr,:e of reflection at all times.

An interesting feature of the plasma build-up period is that the reflection co-

efficient did not increase monotonically but exhibited a local minimum. Two

theoretical curves are also plotted in this figure. One romputed from the vibra-

tional equilibrium model also exhibits a small local minimum near the peak of its

excursion. The curve for vibrational nonequilibrium shows a much larger local

minimum occurring at a higher altitude. This curve is in better agreement with

the windward values initially but it greatly overestimates R at lower altitudes.

The measured values for thE reflection coefficient are compared to values

comp-ted with the simplified equivalent slab plane wave method in Figure 27.

Several descriptions of the ionization properties were used for various altitude

ranges, and the over-all trend for the observed R values is followed by the cal-

culations, including the decrease in plasna effects at the lower altitudes. Again,

during plasma buildup the vibrational nonequilibrium model gives better agree-

ment with observ-ation. There is a slight underestimation of tne plasma, but the

slope of the rise is similar and the values correspond to within 10 kot. The

coupling between the two shoulder antennas, defined by Eq. (2). is plotted in

Figure 28 for the leeward and windward sides. As was true for tho power reflec-

tion coefficient, the effect of the plasma on the interantenna coupling was greater

on the windward side. Due to limitations imposed by the sensitivity of the

measuring system, the curves for the observed windward and leeward nterantezi-a

coupling are terminated below 200 kft. The measurzd coupling remained below

37.5 CB for the remainder of the flight. The curves also show that the decrease

in coupling was not monotonic but exhibited several local maxima as well as a
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slight increase at plasma onset. The computed values for vibrational non-

equilibrium and equilibrium conditions are also shown in Figure 28.

Both models tend to follow the windward observed values. Since the vibra-

tional nonequilibrium results represent an overprediction of the zero angle-of-

attack ionization levels, it is not surprising that it would be closer to that curve.

Both models also predict some local maxima, although their values for the

coupling at these extremal points differ considerably from the corresponding

flight data.

The observed attenuation patterns at selected altitudes have already been

discussed, as well as the corresponding theoretical patterns from the Fante

model, in order to examine trends and make comparisons with the plane wave
calculations, some additional consideration must be given t'D the altitude history

of those results, as -as done for the reflection and coupling cases.

The procedure for obtaining the flight profile consisted in plotting the attenua-

tion at constant 00 = 900 as a function of altitude. These values are shown in

Figure 29 along with the Fante theoretical curves. For example, the local maxi-

mum which occurs in the curve based on the vibrational equilibrium model was

0 ^oWAA- off
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Figure 29. Comparison of Slot-Antenna Total Signal Attenuation wth Flight
Data as a Function of Altitude
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taken from the 225-kft curve of Figure 20a, evaluated at 0. 90 The effect or

the resonances which appear in Figures 20a and 20b is graphically illustrated by

this construction, The general shape of the computed curves first shows a slight

decrease in attenuation caused by increased gain of the transmitting antenna and

then a rapid increase in attenuation interrupted only by a local maximum. The

assumption of vibrational nonequilibrium causes the resonance to occur at a higher

altitude, but the over-all profiles are similar. The measured data agree generally

with the computed values, showing a decrease in attenuation at plasma onset and

a hump characteristic of a small resonance effect at about 223 kft. There is some
disagreement between measurement and observation at the low altitudes. Although

the uncertainty in reflection loss might account for a factor of 1 or 2 dB, there is

still a definite underprediction of the losses below 220 kft.

The measured signal attenuation and the one computed using the simplified
plane ".,ave method are compared in Figure 30. In this comparison, the non-

equilibrium values show better agreement with experiment as far down as 220 kft

in altitude.

z 150
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Figure 30. Comparison of Plane Wave Total Signal Attenuation With
Flight Data as a Function of Altitude
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The slight rise near plasma onset and the peak at 22,j kft are not apparent in

this plane w re result. This is probably attributable to the lack of internal reflec-

tion losses and the inability of the model to account for variations in antenna gain.

Again, below 220 kft the predicted values begin seriously to underestimate the

losses. Despite the good agreement over most of the rise portion, the slot-

antenna model with the assumption of vibrational nonequilibrium, has better

over-all correspondence with the complete profile including resonances.

There is another factor which must be considered when the attenuations

predicted by the two models just discussed are compared. This new factor arises

because the propagation path length in one model may not be equal to that in

another. All the theories assume the plasma medium to consist of a stack of

semi-infinite slabs. But while the plane wave models consider a wave propagating

in tho normal direction, the Fante slot model was evaluated for a local look angle

59 ° . This means that the propagation path is greater in the latter model which,

therefore, should predict more attenuation. This can, in fact, be seen by inspect-

ing the computed curves in Figures 29 and 30. The path length, though, should not

seriously affct the reflection as long as the peak ne value is sufficiently high.

A direct comparison between the two attenuation results can be obtained by

evaluating the slot model for a local look angle of e = 900. The results of these

calculations are shown in Figure 31 (circles connected by solid lines). This

figure is designed to compare broadside transmission models. Thus it also con-

tains results for the simple plane wave method (solid and open squares) cor-

responding to those of Figure 30. There is excellent agreement between the two

models, but the drastic differences in their basic assumptions suggest that this

might be fortuitous. In particular, Fante's slot model includes the effect of

multiple internal reflections at each plasma slab inierface, while this plane wave

model does not. Thus the latter should predict lower values of attenuation, since

no energy is scattered back toward the source. On the other hand, the increase in

peak gain of the transmitting antenna in the Fante model may serve to offset the

expected difference.

In order to study this problem in more detail, two additional sets of calcula-

tions were made. The first consisted in allowing the aperture dimensior- in the

slot model to become larger, so that the antenna would launch a wave that would

more nearly approximate a plane wave. The results of this exercise are plotted as

triangles. The other, based on Papa's work, assumes a plane wave solution but

includes internal reflections at slab interfates. These points are plotted as

upside-down triangles. Inspection of these two sets of results shows that they

are in close agreement with one another, as expected. Note that below 220 kft

though, they aro, quite different from the simple plane wave and narrow aperture
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slot results. This confirms the anticipated conclusion th:.t the agreement

between the simple plane wave and slot approaches represented a balance of

compensating theoretical factors. It should be pointed out that the new results

below that altitude are even less in agreemer.t with the observed data.

To complete the comparison of the four methods, the power reflection

coefficient corresponding to every data point on the attenuation curves of

Figure 31 is plotted in Figure 32. As can be seen, there is a significant spread

in the results predicted by these various models. If the excellent agreement

between the slot reflection results and the observed data in Figure 26 is recalled,

there are a number of comments that can be made. The simple plane wave con-

sistently underpredicts the level, presumably due to the neglect of internal

reflections which have an important effect duri,% buildup. Once the plasma has

become sufficiently overdense though, ,the high reflection near the antenna re-

duces the differences among the plane wave approximations. The fact that the

narrow aperture slot results ;.re higher than all the others, suggests that the

power distribution may be important.

46

/



z7

0 o • 900.. • 90*
U VIBRATIONAL EUILIBRIUM

o LEW I SLOT (FANTE)
o SALLJ

S0.4-- ALL) SIMPLE PLANE WAVE

I & LEW'
I A BAtL LARGE APERTURE (,,,TE

La I BALL! PLANE WAVE (PAPA)C S
o 0.2-•

408 1 409 I I 410 I 411 412
240 230 220 210 200

TIME FROM LAUNCH (see)
ALTITUDE (kit)

Figure 32. Power Reflection Coefficient as a Function of Altitude for
Various Theoretical Mlodels

The effect or power pattern distribution on the total peak attenuation for the
slot antenna model has been discussed in some detail. The dependence on look
angle 9. was also brought out by the results obtained for the plane wave comparisons.
Those results showed considerable change in power pattern structure compared

to the case for q. = 59 , indicating that the peak electron density level was not the
only determining factor in producing the distinctive variations in pattern at
various altitudes. Clearly, the local path length in the medium has a strong con-
tribution. To develop this point, an intermediate look angle case (€ = 750) was
considered in addition to the cases for € 590 and 900. The three altitude
historic" of peak attenuation are sPown in Figure 33. For a given plasma profile
normal to the antenna, the variations in path length produce distinctly different

attenuation results for some of the conditions.

Two different types of data presentation have been used: The distribution of
power for various spin angles at successive altitudes; and the peak attemmtion for
each altitude at various look angles. In each case various local resonances. or

abrupt changes in trend are apparent. Typically. these effects are of short dura-
tion, since flight conditions are changing rapidly at these altitudes. Both types
of display ari important, since they act to clarify each other in delineating an
extremely complex sequence of results. For example, the resonance in total
signal attenuation observed at 225 kft with V, = 590 was not present in the other
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altitude plots fur that look angle or in the results at that altitude for It 7-

or t 90. In the same manner, the peak attenuation curves of Figure 33
show local resonances for I; 590 and q 900 at different altitudes. Combining
both types of results leads to the conclusion that these various resonances cor-
respond to a narrowing of the radiation pattern of the antenna for those particular

local conditions. Thus the resonances are critically dependent on the inter-
relation of look angle, electron density concentration, and path length.

The comparisons of the flight test antenna data and the various theoretical
methods and zIow models have been presented in detail. There are a few

aspects which may be placed in perspective by some further discussion. How-
ever. these topics do not represent a single clear subject but range from limi-

tations of the assumptions to interpolation in the flow profiles.
The slot-antenna model should be expected to give the most reliable results.

but it is restricted by the assumption of groud plane rather than vehicle mounting.
The additional constraint of relying on inputs of electron density and collision fre-

quency profiles, as well as the assumption of tuiorm semi-infinite plasma
layers, also limit the agreement with the data. The point by point distrbutlon
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of power in the antenna pattern also seen-s to be an extremely sensitive factor.,

playing -qn important r-ole in determinin.gi -ignal losses. The problems of thL.

sensitivi' l were demonstrated clearly. when the broadside results were duplic- -d

at a numn*er of' altitudes uth an increased aperture size. At 220 kft., for example.

this change decreased the peak attenuation f rom, 23.6G dBi to 17. 2 dii and the reflec-

tion coeificient fromn R 0. 96 to R -0. 84.

Scaling and interpolation as well as the tz : e of different flou rnadt-i all hd :.n

effect on the theoretical predictiorns. In geo -I. the basicall-, differunt assum~ptior-s

of thp Lew anti Ball models meant the profile -cre not at all alike and the results

Cpfite different, as was seen in the region -.%he. e the trans ition was-. em okv~ed. The

results for the Ball model down to 200 kft setrmed somewhat erratic in- ta-e

and temledt to underestimate the loises. In the -.ew case. h two conditions of

v -brational equilibrium and nonequilibrium %ere both employed. The ext raoolaviuil

of the latter model from the stagnation region was crude and ro-presentz an upper

bound rather than actual expected value. Note that the decreasing altitumle zeSut-

should be poorer. since the increased dc-itv in the flow would tend to restcre thc.

equilibrium sooner For those cases. It should be kept in mind that all these pro-

files are based on axi-Svimetric flowv assumtions (angle of attack, 4- =0"). The

flight had a large value of u, and this certainly affected the results. That the

results on the windward side appear to be in beiter agreement is based on the fact

that the flow is still close to the axisvmametric case at the antenna location. whereas

corresponding leetmard results s ho-.v considerable three-dirnensional flow character-

istics. The vindwarod condition for the angle of attack situation would result in an

increased shock .34rength at the antenna location wxith higher electron density levels

across the flow profile.

in the various a*teMots to match the rapidly changing antenna results, it be-

came apparent that phenomenam were occurring in extremely short altitude ranges

arid that the use of some form of interpolation wo-ild be necessary. In or-der to

check on the validity of scaling based on ratios of peak ne, both scaled and

constracted profiles at 224 kft were entered into the antenna program. The agree-

went was excellent: the peak attenuation values were 61. 6 dB and 62. 3 dBi whereas

the reflection coefficient RI - 0.9-1, remained~ unchanged. In all the srcaling

techniques, the collision frequency is assumed to be insensitive to the slight

changes in conditions. it is held constant at its original value.

The simple plane wave approach is the most severely limited techn-ique. Its

restrictions on the olasm-ra and its assumed equivalent slab for calculating the

reflection do not take into account internal reflectiorL-. Although this elimnates

much of the ability to predict fine structure, this model was adequate in terms of

producing equivalent profiles for the antenna properties although displaced in

altitude. These calculations for the present expansion region antenna can also be
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applied to the case of a stagnation region nose antenna such as thut on the second

flight. There the plasma occurs at even higher attitudes where vibrational non-

equilibrium eIrctron densities are higher than the equilibrium values, and the

former condition is expected to apply rore so than in the present case. The

problem with both results is that for these high altitudes the ratio A PdE >> and

hence the validity of this plane wave model is uncertain.

The slo! antenna model was aLo applied to the stagnaiion region. 5 The agree-

ment was again excellent, especially for the vibrational nonequilibrium calculation.

Fante1 c-a ine-. "he power received on the grc.nd in the vicinity of 250 kft where

the buildup in plasma w occurring in some detail. The variation w !h al:itude

was determined for th- t ;c look an c 50° . Then at arounxd .Ci kft, he con-

structed the patterns 2s a funtction of look ang!e and found that as the vehicle

descended below 253 kit ihe Pattern began to narrow and then below around 249.5,

to broaden again. The result is a calculated resonance condition of extremely

short duration wherein the attenuation is sharpk- increased. For the shoulder

case the model predicted some resonance phenomena and associated pattern

narrowing for 230 kft (vibrational nonequilibrium) or 225 kit (equilibrium). The

stagnation effect was not observed in flight. Either its short duration resulted in

its occurring between sample times, or else the nonuniformity in the electron

density distribution across the antenna surface eliminated that result which was

based on a uniform slab model. At the shoulder however the pattern for 225 k t

did show considerable nonuniformity as compared to nearby altitudes (see

Figures 21 through 24). Whether this can be completely attributed to such a

resonance condition, however, is uncertain, since there are -c many possible

factors affecting the transmission. One related situation which affects the

theoretical attenuation distribution has been pointed out. The semi-infinite sabs

tend to reduce the trz.asmitted power at angles close to the surface and the ground

plane assumption eliminates it in the region 1800 < 6o < 36.0

Tmere are thus a number of questions to be resolved in terms of matching

theoretical and actual antenna properties during reentry, bit some excellent

agreement has been obtained.

S. -%"sU AtR ()IJCOM].-q1o.s

Flight test S-band antenna data in the shoulder region of the Trailblazer 1

vehicle have been presented for the third launch on 24 Nov 1970. The antenna

results include signal attenuation, reflection, and interanteana coupling. The

interpretation of these results involved two types of theoretical analysis. The

17. Fante, R. L (1972) Pri-,-ate communicatio.;.
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electrical properties of the high temperature ionized air flowing over the antenna

had to be determined. Then various models for predicting antenna behavior in a

medium corresponding to those calculations were employed. The analyses pro-

duced a complex series of comparisons with various aspects of the night data,

and a number of interesting observations are possible.

(1) The Ball model is a representation of the flow field conditions for low

altitudes, especially below 210 kft, whereas the Lew models are more valid above

220 kft. T-m ;ransition region appears to represent an area where there were

some inconsistencies in the predictive trends.

(2) The vibrational nonequilibrium values which freeze the degree of rVIaXL-

tion at the stagnation region levels represent an over-estimation of the electron

density, especially at lower altitudes.

(3) Since the vehicle entered at a relatively large angle of attack, the
axisymmetric flow results do not strictly apply. For the antenna region the

windward orlentation should correspond rather closely to the symmetrical results

for a slightly stronger shock condition. while the leeward results may be con-

siderably different.

(4) Since the vibrational nonequilibriurn results represent increased electron

densities at the shoulder, there should be a tendency for these values to be 3ome-

what equivalent to those for the windward angle of attack orientations, especially

at the lower altitudes. Both assumptions though should produce higher electron

density levels than those zf the leeward axis.

(5) The slot antenna reflection results are in good agreement with the data.

Below 230 kft, the predictions tend to overestimate slightly. While the rise in

plasma effects is matched on the windward side by the vibrational nonequilibrium

values, both sets are greater than the leeward data.

(6) The slot antenna results for interantenna coupling are also quite accurate.

Above 230 kft the vibrational nonequilibriun, is extremely close to the windward

data. Both models tend to follow those results rather than the leeward ores. and

both predict local maxima athough the coupling values at the extremal points
differ from the flight values.

(7) The total signal attenuation involves more c.amptex phenomena; it is

consequently less clear Ln its over-all analysis. The slot antenna predictions for

the altitude history of the peak value show slightly better agreement for the

vibrational equilibrium results, although both models are within about 5 kIt of the

measured ,'ata. There is structure present in both the data and the calculations,

and consideration of the en:ire pattern for C = 5-90 indicates that the equilibrium

re ult at 225 kft has the abnormal profile corresponding to the observed pattern

at that altitude.
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M8 The simplified plane wave :-esults for reflection coefficienit have a similar

profile to the fliht, history., althOugh =,derestimating both winduard and leeward

data by about 10 kft.

(9) The plane wave attenuation re~sults compared to peak observed values

show ex- Ilent currespondence for vibrational 'ionequllibriumn and slight urd,

e~timation for the equilibrated model. Betweerg ?15 kft and loss of signal around

205 kft. the agreement becomes fairly poor. When comparisons u~ith ithe- othr:

antenna modeli are -xamined, it becomes clear that these results rep;--sent the

effect of compensating factors so the agreement is somewhat fortuitous.

(10) Comparison of the three !.:odels le- xome additional romments.

The th~ree reflection coefficient rci~agt- ithin 10 Vt. T..e plane -rave

solution including internal r.efal-c-ons results in a low--er atte~suation than the .- lot

antenna approach. Thus the effect of pattern on attenuation is a factor which must

be given careful consideration.

0 1) The results for attenuation at variouts look angles show that path length

has an important effect on attenuatio~n.

(12) Resonances and over-all distribution of power in the antenna pattern

depend critically on the interrelation of altitude conditions. look angle. and peak

electron density.

The reason for devising the ivaricus theoretical models is to acquire

representations of the actual --ight conditions which are sufficiently accurate to

establish a predictive capability for future use. The prvious discussions lead to

two conclusions in this regard: (1) For antenna properties which depen on peak

flow properties cloese to the surface, such as power reflection coefficient and

interantenna coupling the results of either sophisticated models or simple plane

wave methods will be sufficiently accurate; (2) there are. however. other antenna

charcteristics which depend not only on peak values but on the distribtion across

the entire shock laver. The wide divergence in total signal attenuation from the

various~ solutions indicates that this type of behavior cannot be treated so

generally. The complete slot antenna model is the only one that satisfactorily-

describe changes in signal gain resulting from the ionization in the flow . This

more complete method, coupled to reasonable flow field representations, does

allow accur.-te prediction of the behavior of an antenna system in a reentry en-

vironment.
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